In this work, we apply a recent technique for the generation of stimulated Brillouin scattering (SBS) dynamic gratings that are both localized and stationary to realize high-resolution distributed temperature sensing. The gratings generation method relies on the phase modulation of two pump waves by a common pseudo-random bit sequence (PRBS), with a symbol duration that is much shorter than the acoustic lifetime. This way the acoustic wave can efficiently build up in the medium at discrete locations only, where the phase difference between the two waves does not temporarily vary. The separation between neighboring correlation peaks can be made arbitrarily long. Using the proposed method, we experimentally demonstrate distributed temperature sensing with 5 cm resolution, based on modifications to both the local birefringence and the local Brillouin frequency shift in polarization maintaining fibers. The localization method does not require wideband detection and can generate the grating at any random position along the fiber, with complete flexibility. The phase-coding method is equally applicable to high-resolution SBS distributed sensing over standard fibers.
INTRODUCTION
Stimulated Brillouin scattering (SBS) is a nonlinear optical phenomenon that couples between two counter-propagating waves 1 . The combined intensity of the two waves added together drives an acoustic wave in the medium, whose frequency Ω matches the difference between the two optical frequencies 1 . The acoustic wave is accompanied by a traveling grating of refractive index variations, which could couple between the two optical waves. Effective buildup of the acoustic wave, and hence effective optical coupling, could only occur when Ω matches the Brillouin frequency shift Ω B of the optical medium 1 . The value of Ω B in standard single-mode fibers is on the order of 2π⋅11 GHz. The relatively long lifetime τ ~ 6 ns of the acoustic wave decrees that Ω must fall within a few tens of MHz from Ω B for efficient SBS to take place 1 . SBS is observed in standard fibers for optical power levels as low as a few mW.
SBS has found practical and commercial application in distributed sensing along standard fibers that are attached to a structure under test [2] [3] [4] [5] . Sensing is based on monitoring the local value of Ω B , which varies with both temperature and mechanical strain [2] [3] [4] [5] . In Brillouin optical time domain analysis (B-OTDA), an intense pump wave is used to amplify counter-propagating, typically weaker probe waves 6 . The position-dependent Ω B is recovered through mapping the power of the amplified probe, as a function of both time and frequency detuning Ω. The measurement range of B-OTDA can reach tens of km, however its spatial resolution is fundamentally restricted to the order of 1 m by the acoustic lifetime: The use of either pump or probe pulses much shorter than τ leads to SBS amplification that is both weaker and spectrally broadened 7 .
Over the last decade, several techniques have been proposed and demonstrated for improving B-OTDA resolution towards cm scale [8] [9] . In one scheme, known as Brillouin optical correlation-domain analysis (B-OCDA), the instantaneous frequencies of constant-magnitude pump and probe waves, that are nominally detuned by Ω, are synchronously modulated by a common sine wave [10] [11] . Due to the modulation, the frequency difference between the two counter-propagating waves remains stationary at particular fiber locations only, known as correlation peaks, whereas the frequency difference elsewhere is oscillating [10] [11] . Consequently, effective SBS amplification is restricted to the correlation peaks, and probe power measurements may convey localized information. When simple sine-wave frequency modulation is used, tight trade-offs prevail between the B-OCDA range and resolution [10] [11] : The unambiguous measurement range of B-OCDA is restricted to the separation between periodic correlation peaks, which is only a few hundreds of resolution points. B-OCDA was recently extended to dual-tone frequency modulation, resulting in a measurement range of 1.5 km with 27 cm resolution 12 . Other techniques for resolution enhancement include the preexcitation of the acoustic wave [13] [14] [15] , the use of dark 16 and π-phase 17-18 pump pulses, double pump pulses having different widths 19 , differentiation of the measured probe power 20 and more. High-resolution B-OTDA measurements were demonstrated using all of the above techniques, with measurement ranges reaching a few km. Many of the above methods, however, add considerable complexity to the measurement scheme. In spite of much effort and progress, cmscale, long-reach SBS sensing remains challenging.
Over the last three years, SBS-based dynamic acoustic gratings over polarization maintaining (PM) fibers have been drawing increasing attention [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . Dynamic gratings are introduced by two counter-propagating pump waves, separated in frequency by Ω B and co-polarized along one principal axis of the PM fiber. The gratings can be switched on and off and moved along the fiber, through the timing and modulation the pump waves. The dynamic gratings are interrogated by a third, probe signal, which is polarized along the orthogonal principal axis of the PM fiber. Due to the relatively large birefringence of such fibers, the frequency of the reading signal must be detuned from those of the pumps, typically by a few tens of GHz 21 . The reading signal is back-reflected by the dynamic grating into a fourth wave, which can be measured to monitor the entire process.
Dynamic gratings have been drawing increasing interest in sensing applications. The spectral offset between the pump and readout waves varies with the PM fiber birefringence, which in turn depends on both temperature and strain. Dynamic gratings therefore add another dimension to B-OTDA sensing 22-25, 27-29, 32 : a change in strain or temperature modifies the readout probe frequency of maximum reflection, as well as the value of Ω B . In one particular example, the sensitivities of the readout frequency offset to temperature and strain variations were found to be ~ -55 MHz/°C and +0.9 MHz/με, respectively [24] [25] . Since the two sensitivities are of opposite signs, measurements of both the Brillouin gain spectrum and the fiber birefringence using dynamic gratings can remove the ambiguity between strain and temperature variations 27 . When two continuous wave (CW) pumps are used, a uniform dynamic grating is introduced along the entire PM fiber. Localized sensing using such extended gratings may still be possible, when they are interrogated by short readout probe pulses and high-bandwidth detectors 22-25, 27-29, 32 . Nonetheless, localized dynamic gratings would support distributed sensing with CW readout probes. Localized dynamic gratings have been generated using pump pulses 27, 33 . However, much like B-OTDA measurements in standard fibers, the generation of short gratings is restricted by the acoustic lifetime τ. In addition, the gratings must be 'refreshed' by periodic pump pulses every τ, and the strength of reflection is temporally varying. B-OCDA was also introduced to obtain localized dynamic gratings 25 . However, the frequency modulation of the two pumps introduces additional complexity, as the readout probe signal must be synchronously modulated as well 25 .
In this work, we apply a novel, recently proposed method for the generation of stationary and localized dynamic gratings [34] [35] [36] [37] [38] to 5 cm-scale distributed temperature sensing over polarization maintaining fibers. The method relies on the phase modulation of the two pump waves by a common pseudo-random bit sequence (PRBS), with a symbol duration T that is much shorter than τ. Much like B-OCDA, the method allows for an effective SBS interaction in discrete, cm-scale correlation peaks only. The separation between neighboring correlation peaks, however, is governed by the length of the PRBS, and it is uncorrelated with the length of the localized gratings. We have previously employed this method in the long variable delay of probe read-out pulses [35] [36] 38 , and in the generation of tunable microwave-photonic filters [36] [37] . Here we report the application of the technique to high-resolution distributed sensing over polarization maintaining fiber, in larger detail. Lastly, the technique is equally applicable to high-resolution SBS distributed sensing over standard singlemode fibers.
PRINCIPLE OF OPERATION
The principle underlying the generation of stationary and localized dynamic gratings was described in detail elsewhere 35 , and will be repeated here only briefly. Let us denote the complex envelopes of the two pump waves of an SBS dynamic grating as ( ) 1, 2 , A t z , respectively, where t stands for time and z represents position along a PM fiber of length L. Pump 1 A enters the fiber at z = 0 and propagates along the positive z direction, whereas pump 2 A propagates from z = L in the negative z direction. The optical frequencies of the two pump waves, 1, 2 ω , are separated by Ω ~ Ω B . The complex envelopes of the two waves are phase-modulated by a common PRBS with symbol duration T:
In Eq. (1), n ϕ is a random phase variable which equals either 0 or π,
A denotes the constant magnitude of both pump waves. The modulation is synchronized so that the phases of the two pumps, at their respective entry points into the fiber, are equal for all t. Both pumps are polarized along the same principal axis of the PM fiber, denoted as x .
Consider next the magnitude of the acoustic density wave ( ) , Q t z of frequency Ω that is generated by the two pumps.
The driving force for the acoustic wave is proportional to the product ( ) ( ) 1 2 , , A t z A t z * 1, 35 . Within a short section surrounding the center of the fiber at 2 z L = , the two modulated pump waves are correlated, hence the driving force for the acoustic grating generation is stationary and of constant phase. Consequently, the acoustic grating in this region is allowed to build up to its steady state magnitude. The width of the correlation peak is on the order of
corresponding to the spatial extent of a single PRBS symbol. In all other z locations, on the other hand, the driving force is randomly alternating is sign due to the random phase change between 0 and π, on every symbol duration T << τ. Over the lifetime τ, the integrated driving force for the acoustic field generation averages to a zero expectation value and the buildup of the acoustic field outside the correlation peak is inhibited. The separation between adjacent peaks equals 1 2 g Mv T , where M is the PRBS length. The unambiguous measurement range can be made arbitrarily long with increasing M, while retaining the above resolution of z Δ . The correlation peaks, with the exception of the zeroth-order one, can be scanned across a fiber under test through changing the code length factor M or the symbol duration T. Since there is no frequency modulation of the pumps the spatial period of the acoustic grating does not oscillate, and the subsequent readout of the acoustic grating by a ŷ polarized interrogating wave becomes considerably simpler than in B-OCDA over PM fibers 25 . Figure 1 illustrates the experimental setup that was used for the generation and characterization of dynamic acoustic gratings, driven by random phase modulation of both pump waves [35] [36] [37] [38] . A single distributed feed-back (DFB) laser diode of frequency 1 ω was used to generate both pump waves. The output of the pumps DFB was modulated by an electrooptic phase modulator (EOM), which was driven by a PRBS generator. The output peak-to-peak voltage of the PRBS generator was adjusted to match V π of the EOM, and its clock rate was set to 1 T = 2 GHz by a microwave generator. The PRBS symbol duration corresponds to a spatial resolution of ~ 5 cm.
EXPERIMENTAL SETUP AND RESULTS
The modulated DFB light was split in two arms. Light in one path was amplified by an erbium-doped fiber amplifier (EDFA) to 2 1 A ~ 200 mW, polarized along the x principal axis of a PM fiber, and launched into a section of specialty PM fiber under test (FUT) as pump 1. Light in the other arm was modulated by a second EOM, which was driven by a sine wave of frequency Ω ~ 2π⋅10 GHz from a second microwave generator. The EOM in this arm was biased to suppress the optical carrier at 1 ω . ntact with a hi al variations in relative powe adout signal fr e two pumps w hot spot. In a he reflectivity e.
tion of the gra eft-hand pane m temperature The peak is recovered at the scan depicted on the right-hand side, in which sig ω was set to its value of peak reflectivity at the hot spot. The secondary peak at the first 20 cm of the FUT in the left-hand panel of Fig. 3 also appears in a background scan with no heating at all (not shown here). It is probably due to some damage strain in the FUT. The results of both birefringence and Brillouin scans successfully resolve the hot-spot, and recover its position to cm-scale accuracy. The sensing scheme does not require short readout pulses or broad bandwidth detection. ω from its value of maximum reflectivity at ambient conditions. A 5 cm-long hot-spot was generated along the fiber under test. Left -The frequency offset Ω between the two pumps was set to the Brillouin frequency shift of the fiber at room temperature. Right -Ω set to the Brillouin frequency shift at the hot spot. 
CONCLUSIONS
High-resolution distributed temperature sensing over polarization maintaining fibers, using stationary and localized dynamic gratings, is experimentally demonstrated. The measurement range and resolution in the particular experiment were 1 m and 5 cm, respectively. Later experiments carried over standard fibers, which lie beyond the scope of this paper, had improved resolution to 1.2 cm and extended the measurement range to 40 m. There measurement range is scalable towards km, and it is decorrelated from the measurement resolution.
Measurements carried out using dynamic gratings over PM fibers provide the added value of monitoring both the local Brillouin frequency shift and the local birefringence. Unlike previous demonstration of dynamic grating-based sensing, the localized and stationary gratings were interrogated using low frequency modulated probe signals and low-bandwidth detectors. The underlying method was also employed in all-optical variable delay lines with a large delay-timesbandwidth product, and in tunable radio-frequency-photonic filters.
